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Ultra-High Temp. Materials
There are many applications that require:
 Low mass
 Excellent strength and toughness at up
to 3000°C or even higher
 Resistance to mechanical and thermal
constraints (shocks or cycles)
 Chemical resistance

X-43B Hypersonic
concept
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Very high
temperature nuclear
reactor (VHTR)

Jet engines

Nuclear fuel cladding

Brakes

C Fibre-Based UHTC Composites
(UHTCMCs)
Advantages of CC composites

Disadvantages

 Excellent high temperature strength

 Poor oxidation resistance
above 500°C

 Light weight
 Low coefficient of thermal expansion
 Good ablation resistance

Need to find a way to improve the oxidation resistance whilst
retaining the advantages as much as possible.
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UHTCMCs
UHTC powders:
HfB2
ZrB2
Mixtures

Impregnate with powder using
injection vacuum impregnation

The UoB approach
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Chemical Vapour Infiltration
CVI is a process in which a solid matrix is deposited in a porous preform by
the thermal decomposition of a reactive gas mixture.
Exhaust gas

 It is a variant of chemical vapour
deposition (CVD).
Induction
heating
coils

Furnace
casing
Fibrous
preform

Graphite
susceptor

Perforated
bottom plate

Inlet for carrier and reactant gas

 In CVD a coating is achieved but
in CVI a solid body is obtained
from a porous preform.
 Major applications are Cf – C
composites for aircraft brakes and
SiCf – SiC composites for
aerospace components.

CH4 (g) + H2 (g) → C (s) + 3H2 (g)
CH3SiCl3 (l) + H2 (g) → SiC (s) + 3HCl (g) + H2 (g)
ZrCl4 (g) + 2BCl3 (g) + 5H2 (g) → ZrB2 (s) + 10HCl (g)
5

Chemical Vapour Infiltration
Advantages

Disadvantages

 Near net shape

 Conventional isothermal, isobaric
(I-CVI) process very slow

 Wide range of compositions
 Processing T typically <1000oC
 Matrix is pure and fine grained
 Can deposit interfacial layers insitu to enhance fibre pullout
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 Requires repeated machining of
the surface to re-open porosity

Chemical Vapour Infiltration
RF CVI
RF

RF

Disadvantages

RF

RF

 Conventional isothermal, isobaric
(I-CVI) process, very slow
 Requires repeated machining of
the surface to re-open porosity
 Many variations:
 pressure & concn gradient
 temperature gradient
 forced flow, F-CVI
 pulsed-flow, P-CVI
 radio frequency-heated, RF-

CVI (& microwave-heated)
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Inverse temperature profile yields:
⇒ Inside-out infiltration
⇒ Reduction of premature pore closure
⇒ Much shorter processing times

Cf – ZrB2 p – Cm Composites
2.5D preform

Uniform
RF heating
21 h infiltration:

Conventional CVI:
~1000 h

10 vol% porosity

11 vol% porosity

6 h at 5 mbar
16 h at 500 mbar

RF-CVI gas flow
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1000°C
CH4: 800 ml min-1
H2: 200 ml min-1

RF-CVI Processing
Advantages

 Yields a good microstructure
 Low temperature process; no
damage to the fibres
 Possible to deposit fibre
coatings or change the matrix
by changing the process gas
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Disadvantages

 Even RF-CVI, at ~24 h, is still a
fairly slow process (but MUCH
better than ~1000 h)
 Residual porosity limits
strengths
 Scaling up only just started
 Costs unknown

Thermo-ablative Testing
Oxyacetylene /
oxypropane torch
Univ of Bham

Arc jet
DLR
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Small planetary entry
simulator (SPES)
Univ of Naples

OAT & OPT Testing
2 systems: oxyacetylene (OAT)
oxypropane (OPT)

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

OAT
OPT
Back face thermocouple

Water cooling
Graphite sample holder
Sample
Guide rail
Protective insulation
Torch
Neutral density filter
Thermal imaging camera
Two colour pyrometer

Sample typically 10 mm from flame tip (can be further)
Sample typically rotated into flame (clear time zero for tests)
Temperature: up to ~2950oC (OAT); ~2500oC (OPT)
(depends on
Heat flux: up to ~17 MW m-2 (OAT); ~6 MW m-2 (OPT)
flame / sample
o
-1
Heating rate: up to ~1000 C s (both)
distance)
Gas velocity: up to Mach ~0.6 (both)

}
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OAT Results
Thermal
imaging
camera
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2900oC / 300 s
Mach ~0.6
17 MW m-2
Ablation zone

After testing

Surface oxidation
and erosion of hole

Confocal
microscopy

Shallow ablation
hole

SPES Results
 Samples exposed to supersonic mixture
of N2 (0.8 g s-1) & O2 (0.2 g s-1).
 Plasma torch's arc power (and hence
total enthalpy of the flow) gradually
increased, leading to an increase in
pressure and temperature.
Step
H0 [MJ/kg]
Duration [s]

1
5.5
30

2
7.5
30

3
9.5
30

4
11.5
30

5
13.5
30

6
15.5
30

7
17.5
120

ablation rate
~1-2 μm s-1
Cf – HfB2 p – Cm
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Arc Jet Testing
 Gases are heated and expanded
by a continuous electrical arc
between two sets of electrodes
 Heat fluxes up to 150 MW m-2,
ultra-high temps, supersonic /
hypersonic speeds
 Advantages: Most realistic test for
aerospace applications; large
samples can be tested.
 Disadvantages: Not cheap (!);
relatively few systems in the
world; NASA, AFRL, DLR, ...

14

Arc Jet Testing





5 MW m-2 for 20 s; Peak T ~2200oC
10 MW m-2 for 10 s; Peak T ~2700oC
Diameter of the jet ~100 mm
30 mm dia x 5 mm thick samples

5 MW
s s
MWmm-2-2for
for2020

Before
10 MW

15

m-2

for 10 s

After

Stagnation Tests
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Stagnation Tests
After 1st cycle

Sample
Thickness
(mm)

Mass (g)

After 2nd cycle

After 3rd cycle

After 4th cycle

Heat flux C3-UoB-ST-5/1 C3-UoB-ST-5/2 C3-UoB-ST-5/3 C3-UoB-ST-5/4
Before

10.00

10.10

9.71

9.64

After

10.16

9.71

9.64

9.98

Delta

0.16

-0.39

-0.07

0.34

Before

37.489

36.450

35.075

34.275

After

36.359

35.075

34.375

32.945

Delta

-1.130

-1.375

-0.700

-1.330
4th cycle
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UHTCMCs: Performance Summary
 Cf-HfB2 and Cf-HfC generally outperform other UHTC-based systems
 Cf-HfC tends to result in spallation; the CO2 formed tends to push off
the oxide layer, whilst the B2O3 formed from HfB2 doesn’t
 SiC additions can improve the oxidation resistance, but only up to
temperatures of ~1700 – 1800oC
 UHTCMCs made by RF-CVI can withstand heating rates of ~1000oC s-1
 Cf-HfB2 yields composites that can withstand ~3000oC at Mach 5 – 6
for many minutes
 Cf-ZrB2 yields composites that can withstand ~2500oC at Mach 5 – 6
for many mins, but is about an order of magnitude cheaper and ~50%
less dense
 Appropriate mixtures of HfB2 & ZrB2 can outperform pure HfB2
 UHTCMCs made by RF-CVI can be cycled multiple times
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Compositional Effects

20

Compositional Effects

ZrB2
21

HfB2

Zr0.50Hf0.50B2

Injection Vacuum Impregnation, IVI
Vacuum Impregnation (VI)
Whilst VI works well
for small samples, the
depth of penetration
is too shallow for
large samples.

Injection Vacuum Impregnation, IVI
Cf preform

Syringe needles

305 x 30 x 17 mm
The IVI process yields
homogeneously
impregnatedIVI
preforms
whateverVIthe size.
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305 x 30 x 17 mm

UHTC slurry

IVI Process
Injection-based
processing is
applicable to a
range of different
ceramic processes

Injection pattern: 230 x 115 x 18 mm
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Inside Out Infiltration
12 mm from centre
~1.2 ± 0.1 µm
deposition

Centre
~4.1 ± 0.1 µm
deposition

After 2 h of deposition
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12 mm from centre
~1.2 ± 0.1 µm
deposition

C f – ZrB2 p – C
Composites

m

The Role of the Powder: 1
Whilst fine porosity fills using CVI fairly
rapidly, it takes a long time to fill the
macroporosity between the cloth layers and
failure to do so is deleterious to the final
mechanical properties. Filling the large
pores with powder can speed up the CVI
process significantly.
C fabric preform made of stacked
layers of C fibre cloth
C fabric preform made of stacked
layers of C fibre cloth and impregnated
with ZrB2 powder using IVI
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The Role of the Powder: 2
Oxyacetylene Torch Test Damage Analysis
Solidified molten HfO2 splashes

Location of
flame tip

Cf-HfB2-C
~2900oC
>17 MW m-2
300 s
~Mach 0.6

1 mm

HfO2 formed is sintered
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The Role of the Powder: 2
Oxyacetylene Torch Test Damage Analysis

Cf-HfB2-C

Initially the powder adjacent to the
maximum temperature sinters and hence
protects the carbon fibres.

1 mm

However, how does the molten HfO2 formed
at the max temp protect the fibres? Need to
measure the viscosity of molten HfO2 at
~3000oC.
Crystalline
monoclinic
Partial
wetting
of carbonHfO
fibres
2
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Melt Viscosity Measurement
Louis Hennet, CNRS,
Orléans, France

b)
ZrO2
HfO2
ZrO2
ZrO2 (literature)
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HfO2

Component Manufacture
Cf–HfB2 p–C composite
prototype jet vane
Successfully tested at:
~2550oC; ~6 MW m-2
~Mach 0.6

Damage at
proof load
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 Prototype designed by
MBDA engineers working
with UoB researchers
 Made by UoB and tested
mechanically (MBDA) &
thermo-ablatively (UoB)
 Passed at first attempt
 Composition based on
previous work
 Process and micro & macro
structures were designed to
yield the desired properties
in the component
 Work took a few months

